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PARAMETRIC GENERATION OF ALTERNATING CURRENTS
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1. There are two basic methods by which mechanical energy can be converted
into electrical energy: (a) through the movement of electrical currents in &
magnetic £ield and (b) through the movement of electric charges in an electric
field. Both of these methods are used in electromagnetic and electrostatic ma-
chines in practice, but the role of the first is immeasurably more important,
since electrostatic machines up to this time have been more important as an ap-
purtenance of the physical laboratory than as an engineering tool.

In the first mechanical generators of electrical energy, the .magnetic
field was ~onstant, and this apparently left its mark upon.the further develop-
ment of electric 'machine construction.

The principle of self-excitation of dynamos, the so-called Siemens’
dynsmoelectric principle, which almost completely determined the development of
present-day dc and ac electric mechines with supplementary excitation, calls
for a magnetic exciting field which is constant in time. The generation of
direct and alterneting currents with the help of a constabs megnetic Tield is
very simple and convenient, and this, together with the abdve-mentioned historical
reason, rorced electric machine construction almost exclusively into the use of
constant fields for excitation.. Even in electrostatic machines, self-excitation,
of the Toepler-Wimshurst type, for example, or supplementary excitation still in-
volves constant exciting fields.

It is also possible in principle to use alternating-magnetic or electric
exciting flelds for mechanical generation of electric currents., However, this is
not as simple as the use of constant fields, since for:correct utilization of the
laws of induction and mechanical forces, synchronism must be maintained between
the movement of the current (or cherge) conductors-and the field variation. While
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the meintenance of this synéhronism for supplementary excitation is difficult
(synchronism of phase must also be maintained), it is still more difficult for
self-excitation of an ac circuit. A number of designs for self-excitatlon of
an ac circuit have been propo.ed to solve this problem, e.g., Rudenberg [_2;7,
Barkhausen /[ 2 /, Professor M. V. Shuleykin /3 /. In all the'above desigus,
however, the authors circumvented the main difficulty, i.e., maintenance of
. phase synchronism, by using commutation (collector rings), thereby changing theﬂ
2 alternating into a direct process.

The problem of self-excitation of an ac circuit in its purest form can
be formulated in the following menner: Ve have an electrical ac circuit in
which there are no apparent sourcas of emf, i.e., magnetic or electrlc fields.
Can we, by changing only the position of the circult components, its inductance
or capacitance, excite electric currents in it? Obviously, communtation, i.e.,
changing the dc resistance (conversion of ac into dc) is excluded.

As was theoretically shown by Polncare [_h;7 in 1907, 1t is impossible
to self-excite electric currents in systems without capacitance, in which (dur-
ing motion) only the inductance changes, providing thst communtation is not used.
Such self-excitation is possible, however, in special cases with capacitance
present when the natural oscillations of the system are used. Rayleigh [ 57
pointed out tnis possibility ever earlier in comnection with similar effects in
acoustics (the Melde experiment). Although electrical engineers knew of cases
of self-excitation of an ac circuit (for example, an induction generator when
the properly selected capacitance is connected into its circuit), these were con-
sidered undesirable effects and until recently the problem of self-excitation of
an ac circuit had not been studied systematically. :

2. The physical side of the effects occurring in self-excitation of an ac
circuit can be clarified very simple from the following considerations l;;7.
Suppose an electrical circuit comsists of a capacitance C, inductance L, and dc
resistance R (Figure 1). Let the induction coil be constructed so that it admits
of a periodic change of inductance (Figure 2) and let an infinitesimal current
"i" flow through it at some moment. This infinitesimal current could be obtained
as a result of some change inductions, parasitic currents, or atmospheric discharges;
in principle it might appear in the circuit even if the whole system were isolated
from external effects because of the so-called fluctuations of electrons in the
conductors,

Here, in contrast to the case of dynamoelectric self-excitation, the
current polarity is not important. Let us assume that at this moment, the in-
ductance of Lhe circuit is changed by AL by an external force. This requires
the work 1 2AL and, consequently, the energy of the system is increased by
this amouut, After this change of the system, we leave it alone. Since the in-
ductance is connected to & capacitance,,oscillation will occur if the right con-
ditions prevail in the circuit. After y o a period T of natural oscillations
of this circuit, all the magnetic energy of the system is converted into electrical
energy of the condenser, and the current becomes equal to zero. If at this moment
the inductance was decreased to its initial value, no work would be required since
no current is flowing. After this operation, we again leave the circuit alone,

-4 and then the electrical energy of the condenser will again be converted into mag-
netic energy, and the current will again increase and reach its maximum after the
following l/h period of natural oscillaetions of the circuit. At this time, we
can again increase the inductance A L, expending some work to introduce energy
into the system, and thus again repeat the entire cycle of changes. If in chang-
ing the inductence, we have introduced more energy into the system than was ex-
rended in charging the condenser, the store of energy in the system will be increased
and, consequently, the current strength and the charge on the condenser' should be
increased with each new cycle. Thus, the oscillations in the circuit will continue
to increase and it will be sslf-excited. A simple mechanical analogy to the above

. process is the rocking of a swing.
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It is easy to derive the energy conditions necessary for self-excitation
of an ac circuit. The losses in the system for one cycle of changing the in-
ductance can be expressed as
: T
' : 1/2 R12 >

and since the energy introduced into the system during this time is equal to
1/2 iQAL,A the condition for self-excitation is defined by the following in-
equality:

1/2 12AL >1/2 Rieg ,

which after a simple transformation reduces

to wAL=>R
or AL (1)
L =€
: where ' __R_

is the logarithmic decrement of the system's oscillations,
The dependency (1) can be written in the form:
n>£/2,

where n= Lmax — Imin (2)
Luex - Lpin

is the so-called "percentage modulation" of the inductance.

Thus, i1f we change the inductance with a frequency which is approxi-
mately twice that of the natural frequency of the system, then when the rela-
tive magnitude of the change of inductance is greater than a definite value
vwhich depends on the damping of the natural oscillations of the system, an al-
ternating current should emerge and increase in the system. The frequency of
this alternating current will be approximately equal to the natural frequency of
the system, i.e., it willbe close to half the frequency of the change of induct-

1 ance. Obviously, these considerations also apply to the case when the capaci~--
‘ tance is .changed in the circuit.

The simple considerations above show that with a periodic change of
one of the parameters of the oscillatory circuit (capacitance or inductance) and
observance of the condition (1;) (as closer inspection shows, the condition (11)
takes on the form

m>—.,2r-€ or WALTZUR (3)

for the case of a harmonic chenge of the parameter), ever-increasing currents
must zmerge in the circuit, l.e., the circuilt will be self-excited. If the para-
meters of the system are left constantly independent of the currents or voltages,
or, in other words, the system is left linear (i.e., can be described by linear
differential equations), the current or charge would continue to increase without
limit until the insulation of the system broke down or the power of the motor
rotating the varisble inductance {or capacitance) became insufficient.
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A stationary state could not be established in such a "linear" system
and consequently it could not become & current generator. To do this, we must
introduce into the system factors which depend on the current and which will
limit its further increase., Only then can we obtain a stationary state and
produce an alternator. This is completely analogous to dynamos with the usual
self~excitation, in which the stationary state is also provided by the "non-
linearity" of the magnetization curye for iron. _ .

Since self-excitation in our case is provided by a change of a para-
meter of the system, it has been given the name "parametric,” and generation
based on it is called parametric. We especially emphasize that the frequency
of the alternating current generated is exactly equal to half the frequency of
the parameter change, so that we deal here with a synchronous electric machine.

From the above, it 1s clear that the problem of parametric generation
of alternating current is inseparably connected with the problem of self-ex-
citation of an ac circuit, which in turn is connected in principle with the
excitation of oscillations by e periodic change of the parameters of the oscil-
latory system. This last very important problem has recently attracted the in-
terest of many researchers [_6, 7, 8, 9, 10, 15_7, both in the Soviet Union
and abroad. Beginning in 1927, it has undergone systematic theoreticel and ex-
perimental development by & number of workers under the direction of Academician
L. I. Mandel'shtam and the author in the Scientific-Research Institute of the
first Moscow State University, the former Central Radio lLaboratory, the former
Leningrad Electrophysical Institute, and then in.the Leningrad Industrial Insti-
tute. As a result of these works / 10, 11, 12, 13, 1&;7, effects of parametric
self-excitation in an ac circuit were obtained for the first time using a periodic
mechanical change of both inductance [_10_7 and capacitance L_ll_7 in the absence
of any apparent sources of electric or magnetic fields (exciters, storage bat-
teries, permanent megnets, etc.). 1In addition, & theory of the processes was
developed (self-excitation conditions, magnitude of stationary amplitude, etc.).

Naturally, the establishment of a new principle of self-excitation of
alternating current has pushed the problem of using it for generation of alter-
nating currents to the forefront.

[TSections 3 and 4 are omitted here. They deal with a theoretical treatment
of the nonlinear differential equations to which, according to the author, the
theory of parametric generation of alternating current reduces._7

5. In conformance with the two possible methods of parametric generation,
nemely, periodic change of inductance or capacitance, there can be two essen-
tially different new types of electric machines which we shall distinguish (a)

the " inductive" parametric alternator (PMI) and (b) the "capacitive" parametric
alternator (FMYe),

In the first case, we deal with a synchronous electric machine, externally E
similar to ma 1ines of the normel inductor type, the only essential differences
being that, ou one hand, there are no exciting vindings, a fact which is very im-
portant in design, and, on the other, capacitance is required. Therefore, there
is no doubt about the possibility of obtaining pover of the same order as from
ordinary alternators from the "inductive" parsmetric elternator. The chief in-
terest in work with inductive parametric alternators lies in determining to what
degree and under what conditions the new principle of parametric self-excitation
might prove useful and advantageous in practice. This new principle makes excit-
ing windings unnecessary, but also carries the condition that the sc circuit must
be oscillatory and approximately tuned in resonance to half the frequency of the
inductance change, i.e., it mekes ca-acitance necessary.
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These facts force us to assume that the region of high frequencies
would be especially advantageouc for parametric alternators, since the absence
of rotor windings permits the use of high angular velocities, while the cost
and size of the condensers required for tuning to resonance are decreased
with an increase of frequency. On the basis of these conslderations, an ex-
perimental model of a l-kw, 600-cycle,3,00-rm alternator- was. designed with thehelp
of Engineer M. M. Verbitskiy and succesciully produced in the shops of the
Leningrad Industrial Institute. The rotor of the alternator is a duraluminum
disk, on the periphery of which are placed 24 blocks of iron, each seperated
by layers of insulating meteriai. The stator in turn consists of 24 open
magnetic circults encompassing one common winding placed symmetrically on the
periphery. When the rotor turns, the magnetic circuits of the stator are al-
ternately closed and open, which provides a periodic change of the circuit in-
ductance.

Tests made by scientific workers A. G. Rzyakin and A. M. Martynov of
the parametric machines group, aided by mechanic P. K. Loncha, showed that
when self-excitation conditions were fulfilled (obtained by tuning the circult
to the desired frequency by connecting the proper capacitance in the circuit),
the alternator was excited and could produce power of one kw at an efficiency
of about 70% for prolonged periods. A number of characteristics of this al-
ternator are given in Figure 4 and an oscillogram of the current in one case is
shown in Figure 3, b.

Among the interesting design features of this alternator are its low
weight (about 15 kilograms without the base), low copper weight (0.76 kilograms)
and & low "machine constant"

2
c= Rk—‘-]l—‘} = 18%.3.2-3000 = 31.10°,

Testing revealed that some parts could be iniproved, which would result
in increased efficiency and lower alternator weight.

On the basis of data obtained in the production and testing of this ex-
perimental model, & more powerful model of a parametric alternator (40-60 kva,
1,600 cycles, 3,000 rpm) was designed with the help of Engineer M. M. Verbitskiy
and Professor A, A, Alekseyev. This alternator design was given to the "Elektro-
sila" Plant imeni Kirov for production.

The characteristics of inductive parametric alternators indicate that
it can best be used in those branches of engineering where high frequencies
(500-2,000 cycles) are necessary or advantageous, e.g., for supplying induction
furnaces and vacuum-tube radio transmitters, and also wherever a high dc voltage
is required (this would be obtained by rectifying the ac voltage generated by
the parametric alternator). Since capacitance is necessary in all these cases,
the condenser used as an integral part of the parametric alternator is not excess
baggage from the standpoint of increasing the size, weight, &nd cost. The more
powerful inductive parametric alternator now under construction is designed for
supplying induction furnaces. !

Along with all the structural advanteges gained by the use of the para-
metric principle of self-excitation which eliminates the exciting windings, the
need for & magnetic field exciter is eliminated. This fact, which is of little
importance in ordinary high-power synchronous machines, may prove very advantageous
with respect to weight, size, and cost for small generators, especially when
the problem of reducing weight is very important. In addition, the problem of
the condenser is much more easily solved in the generation or low power.
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6, The second possible method of parametric generation of alternating cur-
rent was implemented in the so-called "capacitive" parametric alternator (PMYe).
Here we deal with a synchronous electric machine, in which mechanical work is °

' transformed into electrical energy by & periodic change of the capacitance con-
nected in the oscillatory circuit, the latter being tuned to approximately half
the frequency of the capacitance change. The basic part of this alternator is
the variable capacitance, which can be made in the same way as the rotating vari-
able condensers used in radio engineering in the form of & collection of stator
and rotor platds of the proper form, so designed that when the rotor turns with
the desired speed the capacitance changes within wide limits from Chax 0 Cpine

The capacitive parametric alternator is so different essentially from
ordinary electric machines that electrical engineers will first of all doubt
whether. power of the order in which they are interested can be obtained from it.
Actually, the power P, which can be generated by chenging the capacitance of the
oscillatory circuit according to the law:

c-l= Cal-(l + mecos 2wt)

is expressed as

mw 1 T 2
PC—-—C;_° T .\fo q 8in 2 wt.dt,

so that with a harmonic change of current we will have in the best case

1 1
Po= mvg2/2C, A2y WG UPmax (1)

from vhich it follows that the power which can be generated will be the greater,
the higher the frequency (J, the greater the percentage modulation of the capaci- -
tae m, and the greater the energy in the condenser |

2
1/2 C U pax.

Thus, the problem of generating high power depends on the possibility
of accumulating sufficient energy in the varisble condenser. Since it is impos-
sible in practice to construct & condenser which would have high capacitance and
-still permit rapid changes in capacitance over wide limits , the only possible
methdd of solving this problem, as is seen from formula (17) for P,, lies in in-
creasing the voltage Up.y. However, the dielectric strength of air under normal
conditions (30,000 v/cm is far too low to obtain any degree of power.

To illustrate, we calculate the power which can be obtained from an ex-
Perimental model of a capacitive parametric alternator. The stator of the vari-
able condenser, which is the main part of the alternator, consists of 26 disks
with diameter 28.5 cm, each divided into 16 sections, while the rotor has 25
such disks., Adjacent disks are 2 mm distant and thus

Cpax = 6420 cm, while Cpy, = 3860 cm,
whence .
Co=1/2 Cpay + Cpip = 5140 cm and m = 0,25,

For 3,000 rpm, the frequency of capacitance change is 2w=5,000 cycles.
Taking as the »p.ermissible voltage U =5,000 v, we obtain for the power:

Pc=22|h~ W,

a negligible quantity from the standpoint of*power. The only method by which
the power can be increased is to increase the permissible voltage, i.e., to

-6 -
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increase the dielectric strength of the medium., There are two ways in which this
can be done. Onc of these is to place the variable condenser in a gaseous medium
under high pressure. Since the breakdown voltage of gases, wherever Paschen's

law holds, increases with an increese of pressure p as & function of pd (where 3
is the distance between electrodes or, in our case, between adjacent condenser
plates), it is possible by increasing the pressure to increase the working voltage
Upaye For example, if the pressure is increased to 20 atm, the breekdown voltage.
1P¥pcreased 16 times, and. consequently the power is increased ~approximately:250,;
times (for the same safety factor). Therefore, under,these conditions, oux \podel’
of a capacitive alternator would, generate about 5.6 kw, & value already,of interést
for englneering. I’Even hizlghgr voltages could be-obteined with a further infresse

of pressure.

According to I. M, Goltdman's recent data / 20 /, gases under pressures
of T0-80 kg/ sq cm can sustain voltage gradients up to 106 v/cm. This would per-
mit us to obtain power of the order of 22 kv from the model capacitive alternator
considered. If we use this data as a basis, calculation shows that it is possible
to construct capacitive parametric alternators producing high power (tens of thou-
sands of kilowatts) whose size would not exceed that of the ordinary high-povwer
alternators. We should keep in mind, however, that the guantitative date cited
for breakdown voltages at high pressures applies to experiments with gases at rest,
while in the capacitive parametric generator we deal with breakdown voltages in a ]
gaseous medium which is in very rapid random motion. In addition, we also have |
here & nonuniform electric field which, according to available data /22 7, may
substantially affect the permissible voltages.

To clarify experimentally how all these factors affect the dependency
of the working voltage on pressure and to what degree the pressure increase could
be used to increase the power of the capacitive parametric alternstor, we con-
structed an experimental model of a variable condenser and rotated it in a medium
under high pressure. The stator of the condenser is its system of fixed plates:
while the rotor is its system of movable plates. Since the plates of the stator
and rotor have 16 sections, each symmetrically spaced along the periphery, at
3,000 rpm the frequency of the capacitance change is 800 cycles and, consequently,
the frequency of the alternating current generated is 400 cycles. The condenser
was placed in a steel casing into which dry air could be pumped with the aid of a
compressor,

To fulfill the self-excitation conditions for the variable condenser,

a coil with inductance L equals 27.4 h was connected in the circuit. This coil
was selected to tune the circuit consisting of the condenser, the coil, and the
load resistance to resonance at a frequency of about 400 cycles. The schematic
diagram of the generator is shown in Figure 5. C denotes the variable condenser
described above, F is a spherical discharger comnected in parallel with C, L is
the coil for tuning the circuit to resonance at the desired frequency, R, is a
lamp rheostat, and R, is a rheostat of the Rustrat type. Since the 1oga}ithmic
decrement of the circuit without load was equal to 0.035, and the experimentally
measured modulation factor m was equal to 0.3#, the generator was easily self-
excived and a high load resistance could be used.

The results of ‘some measurements made by A. G. Rzyankin and A, M. Mar- !
tynov showed that the breakdown voltage in the variable condenser increased ]
smoothly and continuously with the increase of gas (air) pressure when the rotor 1
'_ turned at 3,000 rpm. Thus, the working voltage of the generator and consequently
" 1ts mower also could be increased. Beceuse of poor packiag at the point where the
rotor shaft left the casing, the pressure could not be increased above 12-13 kg/sq
cm; in addition, low accuracy in the production of the condenser plates and in
their assembly considerably reduced the breakdown voltage. The useful power ob-
tained at a pressure of 12.5 kg/sq cm was about 560 w &t a voltage Upay # 21 kv,
The electrical efficiency was above 92%. At the same time, measurements were made
Ny of the mechanical losses as & function of the pressure in the medium containing
the rotating condenser. An oscillogram of the current produced by this generator
is shown .n Figure 3, 8. ‘
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T. While the experiments made with the laboratory model of & capacitive
parametiic alternator showed that the power generated increases with increased
gas pressure and that, consequently, considerable power could be generated by
following this method, they also underscored the fact that the pressure in-
crease was unavoidably accompanied by an increase in mechanical losses and &lso
by liberation of heet within the condenser when the condenser rotor turned in
an atmosphere of compressed gas. The last factor not only reduced the efficiency
of the generator, but also required special measures to draw off the heat lib-
erated. The use of a gaseous medium under high pressure, therefore, did not
prove technically advantageous. Various methods could be employed for the solu-
iion of this problem; we could, for example, try to use gases or vapors of
technical substances whose dielectric strength is considerably higher than that
of air, On the other hand, we could give most of our attention to decreasing
losses in the rotation of the condenser, using for this purpose a gas with a
considerably lower specific weight than air. Even more important, we could try
to find methods which would allow us to recover partially the energy released
in the compressed gas in the form of heat,

A method suggested by Academician L. I. Mendel'shtam and the author
called for the use of superheated steam as the gas under high pressure, the
specific weight of which is considerably less than the specific weight of air
(for examplé, at pressure of 20 atm and a temperature of 350° C, the specific
weight of steam is only 1/3 the specific weight of air for the same pressure
and a temperature of 20° C), and the use of a steam turbine as the motor driving
the variable condenser. The superheated steam would enter.the turbine from the
chamber in which the variable condenser is located. This would be advanisgeous,
in that (a) the losses in driving the condemser would be considerably lower than
in air, and (b) the heat liberated in the condenser would be used to heat the
steam and thus the energy expended in it would be almost completely recovered.

An important prerequisite for this solution was that the superheated
steam have sufficient dielectric strength. Since there was no available data
on this problem, we had to set up special investigations., According to the pre-
liminary results obtained by A. G. Rzyankin [ 23 /, the dielectric strength of
steam at pressures of about 10 kg/sq cm was no less than that of alr, other con-
ditions being equal. Since a preliminary study of the feasibility of the steam-
turbine capacitive-parametric-alternator combination had already given promising
results both from the standpoint of efficiency and design, this method of creat-
ing & capacitive parametric alternator seemed quite possible.

) However, there still remained a number of design difficulties, connected

.- 18inly with the problem of satisfactorily tapping the high voltage from the steam
chamber in which the rotating condenser is located. The potentialities and
regions ¢~ application opened by this method can be Jjudged decisively only after
proper preliminary studies are made and laboratory models tested.

8. Another possible method for increasing the power of the capacitive
generator by increasing the permissible voltage is to use a vacuum as an in-
sulator. A vacuum is in many respects an ideal insulator, and therefore en-
gineers and physicists have long searched for ways to solve this problem both
here (Academician N. N. Semenov) and asbroad (the Metro-Vickers Laboratory and
others), Until recently, however, this problem remsined unsolved. The main-
tenance of a sufficiently high stable vacuum in a medium conteining large masses
of metal was an especially difficult task in practice, especially when these
large masses move at high speed {as is the case in electrical machines), The
results of recent works [ 18, 19_7 on the use of a vacuum as an insulator give
reason to believe that this problem has already passed from the stage of pure
laboratory studies to the field of practical engineering use. The 100-kv elec-
trostatic generator in a vacuum (power of 2 kw) constructed by ‘frump, operating
on the ordinary electrostatic machine principle, shows that a high-power capaci-~
tive parametric alternator using & vacuum as an insulator is feasible. '
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Judging from the voltage gradients in a vacuum (up to l.l'106v/cm)
obtained by Trump /I9/, it seems possible to design & capacitive parametric
alternator which will compare in power with ordipary alternators. The advan-
tages to be gained by using a vacuum as an insulator are tremendous, e.g., there
will be no losses in the dielectric, no mechanical losses in rotation, no need
for drawing off heat, etc., All of these will undoubtedly increase the efficiency
and in addition will be very beneficial from the design standpoint.

Anocther advant'age of a vacuum in the capacitive generator is the possibility
of obtaining very hign, almost maximum, efficiencies (above 99%). Moreover, the
electric losses in the variable condenser in a vacuum or an atmosphere of com-
pressed gas will remain low even when the frequency is increased, so that the
efficiency can be made very high even for capacitive alternators operating at
higher frequencies. Since the power of the capacitive alternator is proportional
to the frequency, its most efficient appliczation will be in the high-frequency
field,

During operation of the generator, & constant stable vacuum (or a constant
vapor or gas pressure) must be meintained in it, and this requires special equip-
ment (air pumps, compressors, steam generators, etc.,), the importance of which with
respect to weight, size, and need for additional power will decrease as the power of
the generator itself is increased. Therefore, the capacitive generator, in contrast
to the inductive generator, will be more advantageous the greater its power,

We should note that in the capacitive generator the voltage on the variable
condenser, and consequently on the coil connected in series with it, is much greater
than the voltage of an ordinary alternator of the same power. Therefore it might be
considered as a combination of an alternator and a step-up autotransformer. This
must be taken into consideration when the capacitive alternator is compared with
ordinary alternators from the standpoint of technology .and economics.

Because very high voltages are generated simultaneously with high power in
capacitive parametric generators, they may be of importance for long-distance power
transmission, In this case, the fact that it is possible and even more advantegeous
to generate very high power in the form of high-frequency currents is very important,
Since high frequencies present a number of advantages for conversion of ac into dec,

it is possible that high-power capacitive parametric generators might be preferred
over ordinary alternators as sources for-long-distance power transmission.
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